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Abstract Autism spectrum disorder (ASD) is a highly her-
itable neurodevelopmental disorder characterized by deficits
in social interactions and repetitive behaviors. Although hun-
dreds of ASD risk genes, implicated in synaptic formation
and transcriptional regulation, have been identified through
human genetic studies, the East Asian ASD cohorts are still
under-represented in genome-wide genetic studies. Here, we
applied whole-exome sequencing to 369 ASD trios including
probands and unaffected parents of Chinese origin. Using a
joint-calling analytical pipeline based on GATK toolkits,
we identified numerous de novo mutations including 55
high-impact variants and 165 moderate-impact variants, as
well as de novo copy number variations containing known
ASD-related genes. Importantly, combined with single-cell
sequencing data from the developing human brain, we found
that the expression of genes with de novo mutations was
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specifically enriched in the pre-, post-central gyrus (PRC,
PC) and banks of the superior temporal (BST) regions in
the human brain. By further analyzing the brain imaging
data with ASD and healthy controls, we found that the gray
volume of the right BST in ASD patients was significantly
decreased compared to healthy controls, suggesting the
potential structural deficits associated with ASD. Finally, we
found a decrease in the seed-based functional connectivity
between BST/PC/PRC and sensory areas, the insula, as well
as the frontal lobes in ASD patients. This work indicated
that combinatorial analysis with genome-wide screening,
single-cell sequencing, and brain imaging data reveal the
brain regions contributing to the etiology of ASD.
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Introduction

The current prevalence of ASD has increased to ~1 in 44
children aged 8 years old in the USA, and males are four
times more susceptible to ASD than females [1]. The epide-
miology survey in China showed that the prevalence of ASD
ranges from 0.2% to 0.4%, suggesting that the difference in
geography and clinical diagnosis criteria may lead to dispa-
rate impacts on studies of ASD etiology [2]. Recently, tre-
mendous efforts in ASD genetic studies using whole-exome
and whole-genome sequencing have built up high-through-
put assessment pipelines for protein-disrupting variants
in large ASD cohorts, in which de novo single nucleotide
variants (SNVs), insertions and deletions (INDELSs), and
copy number variants (CNVs), as well as rare inherited
variants, are major contributors to the genetic risks of ASD
[3-6]. Thus, it is critical to further classify genetic causes
from accumulated ASD genetic studies in consideration of
neurobiological evidence. The online Simons Foundation
Autism Research Initiative (SFARI) gene database provides
an important public resource for ASD risk genes, in which
over one thousand ASD candidate genes have been prior-
itized with genetic and neurobiological evidence (Category
S, 1,2,3) [7].

Although genomic information of large cohorts consisting
of >40,000 ASD patients and unaffected parents has been
collected, East Asian populations are still underrepresented
groups [8]. Some genetic studies on Chinese ASD cohorts
using targeted multiplex sequencing technology focused on
a group of genes associated with neurodevelopmental disor-
ders, which cannot yield comprehensive genome-wide infor-
mation about ASD risk genes [9, 10]. Two available genetic
studies on Chinese ASD cohorts using whole-genome
sequencing methods included <40 trios, limiting the power
of genomic sequencing [11, 12].

In this study, we applied whole-exome sequencing analy-
sis to a Chinese cohort of 369 ASD probands with their par-
ents. 150 bp paired-end sequencing short reads were mapped
against the human reference genome build 38 (GRCh38/
hg38). SNVs and INDELs were jointly called across all
samples and filtered by GATK Variant Quality Score Recali-
bration (VQSR) and Convolutional Neural Network (CNN)
tools. Together with analysis of single-cell sequencing
data from the developing human brain, we found that the
expression of genes with de novo mutations was specifically
enriched in the pre-central and post-central gyrus (PRC and
PC) and BST (banks of the superior temporal sulcus) in the
human brain.

By further analysis of the brain imaging data with ASD
and healthy controls, we found that the BST of the right
hemisphere in ASD patients had a significantly decreased
gray volume compared to healthy controls, suggesting poten-
tial structural deficits associated with the BST in autistic
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patients. Finally, after analyzing the seed-based functional
connectivity (FC) of these regions, we found a decrease in
FC between BST/PC/PRC and sensory areas, the insula,
and the frontal lobes in ASD. This work indicated that the
in-depth combinatorial analysis of ASD risk genes from
genome-wide screening, single-cell sequencing, and brain
imaging data can unveil the brain regions implicated in ASD
and thus provide an analytical framework illustrating the
genetic basis and neurobiological mechanism for ASD.

Materials and Methods
Samples and Ethics Statement

We analyzed a sample set consisting of 369 ASD probands
and 706 parents from 353 pedigrees recruited from the
Department of Child and Adolescent Psychiatry, Shanghai
Mental Health Center. Of the families, 15 were multiplex
that had two ASD children and 338 were trios. The fourth
edition of the Diagnostic and Statistical Manual of Mental
Disorders (DSM-1V) was used for ASD diagnoses made by
trained psychiatrists. We obtained assent from the Institu-
tional Review Board (IRB), Shanghai Mental Health Center
of Shanghai Jiao Tong University (FWA number 00003065,
IROG number 0002202). Dr. Yi-Feng Xu approved and
signed our study with ethical review number 2016—4. Writ-
ten informed consent was given by parents in consideration
of the fact that all patients were minors. All participants
were screened using the appropriate protocol approved by
the IRB.

Whole-Exome Sequencing

Genomic DNA extracted from blood samples was sequenced
at Shanghai Biotechnology Corporation\ and WuXi Next-
CODE on Illumina HiSeq sequencers using the Agilent Sure-
Select Human All Exon V5 exome capture kit. Some sam-
ples were sequenced at Euler Genomics on Illumina HiSeq
sequencers using the IDT xGen Exome Research Panel vl
exome capture kit. 150-bp paired-end sequencing reads were
aligned to human genome build 38 (GRCh38/hg38) using the
Burrows-Wheeler Aligner [13], Picard tools MarkIllumina-
Adapters, SamToFastq and MergeBamAlignment (http://broad
institute.github.io/picard/) were aggregated into a BAM file.
Per-individual coverages of the target regions calculated by
Qualimap 2 are shown in Figure ST1A [14]. The Picard tools
MarkDuplicates, SortSam, and SetNmMdAndUqTags were
used to mark duplicates, sort BAM files by chromosome coor-
dinates, and add essential tags. SN'Vs and INDELSs were jointly
called across all samples using the Genome Analysis Toolkit
(GATK) HaplotypeCaller 4.2.0.0 [15]. Variant call accuracy
was estimated using the GATK VQSR approach and the
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Fig. 1 Identification of De
Novo Mutations in ASD
Probands. A Multidimen-
sional scaling plot of 369 ASD
probands in our cohort (SMHC)
along with African (AFR),
American (AMR), East Asian
(EAS), European (EUR), and
South Asian (SAS) individuals
in the 1000 Genomes Project.
The figure was generated by
analyzing genotyping data of
1,064 common exonic SNPs
using PLINK. The first and sec-
ond dimensions are shown. The
orange, sky blue, bluish-green,
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GATK CNN Variant Filter. The VCF file (format v4.2) was
produced by the Broad sequencing and calling pipeline with
GATK version 4.2.0.0.

We included variant calls with the PASS flag in the down-
stream analyses. Variants (SNVs and INDELs) were annotated
based on the hg38 database using VEP [16]. By following the
definition of calculated variant consequences by VEP, we clas-
sified variants into those having HIGH, MODERATE, LOW,
and MODIFIER impacts.

Population Stratification Using Genotyping
Information of Frequent Exonic SNPs

To define a set of common exonic SNPs, we initially chose
variants that were: (1) on the InfiniumExome-24v1-1_A1 gen-
otyping array, (2) with MAF >0.05 in the East Asian (EAS)
population of EXAC [17] annotated by VEP, and (3) biallelic
in EAS. After combining the information of these SNPs in

our cohort (OWN) with the data of the same SNPs in African
(AFR), American (AMR), EAS, European (EUR), and South
Asian (SAS) individuals in the 1000 Genomes Project [18], we
applied further filtering and linkage disequilibrium (LD)-based
pruning using PLINK v1.9 [19] with the following options and
parameters: --maf (minor allele frequency) 0.05, --mind (maxi-
mum per-person missing) 0.2, --geno (maximum per-SNP
missing) 0.2, --hwe (Hardy-Weinberg disequilibrium P-value)
1x1071% and --indep (SNP window size, number of SNPs to
shift and variance inflation factor threshold) [16, 19]. By using
the data of 1064 SNPs that passed the filters described above,
we applied multidimensional scaling with PLINK.

Identification of DNMs
We filtered out variant calls when one or more variant alleles

occurred in unaffected parents of our cohort. By using the
information of the remaining variant calls, we extracted
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«Fig. 2 Identification of De Novo CNVs. A-N Schematics of 18
SFARI ASD risk genes (Cat S: 4 genes, Cat 1: 14 genes) with
de novo CNVs (blue, deleted chromosomal segment; red, dupli-
cated chromosomal segments). O Quantitative real-time PCR
verification of de novo CNVs. TBRI, t-test, P=3.22x10""; RAII,
t-test, P=7.40x10""; MECP2, t-test, P=0.0069; SHANK3, t-test,
P=0.0028, GIGYFI, t-test, P=0.0335. All experiments were
repeated >4 independent times. Error bars represent standard errors
from 4 or 6 replicates.

candidates for DNMs using GATK PossibleDeNovo, TrioDe-
novo [20], and DeNovoGear [21]. Candidate DNMs called
by these three tools at the same time were then stratified into
SNVs and INDELSs. We selected 161 DNM calls by prioritiz-
ing HIGH impact DNMs and 13 MODERATE impact DNMs.
Possible-damaging missense DNMs were defined as the 14
variants predicted to be damaging by at least two of the seven
prediction algorithms: SIFT [22], PolyPhen-2 HumVar [23],
PolyPhen-2 HumDiv [23], LRT [24], MutationTaster [25],
Mutation Assessor [26] and PROVEAN [27] annotated by
dbNSFP4.0a [28, 29].

Results
Identification of de novo Variant in ASD Probands

We analyzed an ASD cohort consisting of 369 ASD
probands and 706 parents from 353 pedigrees recruited from
the Department of Child and Adolescent Psychiatry, Shang-
hai Mental Health Center. Among the cohort, there were 15
multiplex families containing two ASD children and 338
simplex families which had one ASD child. DSM-IV was
used for ASD diagnoses by trained psychiatrists.

The proportion of the targeted exome regions covered
by >20x or 40x of reads indicated sufficient coverage (Fig.
S1A). After multidimensional scaling of the genotyping
data, common exonic SNPs were identified with the PLINK
toolkit (a whole genome association analysis tool) [30]. We
found that common exonic SNPs in probands of the SMHC
cohort were adjacent to the cluster of East Asian popula-
tions previously characterized, suggesting that the SMHC
cohort faithfully carried the genetic signatures of East Asian
populations (Fig. 1A).

After variant filtering, we discovered a set of 220 de
novo mutations (DNMs) (Table S1). We classified DNMs
into three categories, High-impact, Moderate-impact, and
Possible-damaging. The High- and Moderate-impact catego-
ries were defined by VEP (Ensembl Variant Effect Predic-
tor, https://asia.ensembl.org/info/docs/tools/vep/index.html).
Briefly, the High-impact variants usually led to the trunca-
tion of protein products, including the gain or loss of STOP
codons as well as frameshift-causing INDELS. Interestingly,

among the 55 genes containing High-impact SNVs, there
were 18 genes previously reported in the SFARI gene list
(Category S, 1, 2, 3) such as SCN2A, PTEN, MECP2,
SRCAP, and TCF4, indicating that most genes containing
high-impact SNVs in the Chinese cohorts are novel and not
included in the SFARI gene database. (Fig. 1B, C).

Moderate-impact variants were defined as changing, but
not truncating the protein sequence, such as missense SNVs
and inframe INDELSs. To further categorize the severity of
missense variants, we annotated missense SNVs into a new
class, named Possible-damaging missense DNMs, which
were defined as the variants predicted to be damaging by at
least two of the seven following prediction algorithms: SIFT
[22], PolyPhen-2 HumVar [23], PolyPhen-2 HumDiv [23],
LRT [24], Mutation Taster [25], Mutation Assessor [26]
and PROVEAN [27] annotated by dbNSFP4.0a [28, 29].
Interestingly, among 165 Moderate-impact variants, only 23
variants were present in the SFARI gene list (Fig. 1B, C).

Over one thousand ASD risk genes in the SFARI gene
list were mainly found from genetic studies in American and
European studies, therefore we wondered whether numer-
ous genes with DNMs in the Chinese ASD cohorts which
were not included in the SFARI list really contributed to
ASD or some common genetic variants may not be asso-
ciated with disorders. To further determine whether these
genes with DNMs may contribute to ASD, we next statisti-
cally evaluated the contributions of each de novo variant
to ASD using the Transmission and De Novo Association
Test-Denovo (TADA-Denovo) method. We first measured
the frequency of de novo and missense variants in each gene
with DNMR-SC-subtype data [31], then applied the TADA-
Denovo method [32]. We classified the DNM variants with
p values obtained from the TADA-Denovo test into two tiers
(*P <0.01, or **P <0.001) (Table S2). We further measured
the “probability of loss-of-function intolerance” (pLi) score
for each variant and categorized variants with significant
TADA-Denovo values into two tiers as well (0.9 represented
by # and 0.5-0.9 represented by *) [17]. Finally, we found
that 11 genes with High-impact mutations and 35 genes with
Moderate-impact mutations, none of which were included
in the SFARI gene list, had statistically significant TADA-
Denovo and pLi scores, further strengthening their contribu-
tions to ASD (Fig. 1C).

We then investigated whether genes with de novo variants
identified in various ASD genetic studies overlap. Interest-
ingly, we found that de novo ASD risk genes detected in
ASD probands in the SMHC cohort showed little overlap
with the list of de novo ASD risk genes from the Japanese
cohort (Fig. S1B, C) [8]. Moreover, we found that there was
also little overlap in de novo variants between the SMHC
cohorts with other studies with 200400 trios (Fig. S1D)
[5,33-35].

@ Springer


https://asia.ensembl.org/info/docs/tools/vep/index.html

1474 Neurosci. Bull. October, 2023, 39(10):1469-1480

High-impact
B enrichment

@ NPC-1 @ In-1
NPC-2 @ In-2
@NPC-3 @ In-3
NPC-4 @ Pons
@®NPC-5 @ CR
@ NPC-6 @ Astrocyte
NPC-7 @ OPC
NPC-8 @ Microglia
®Ex-1 @ Blood
®Ex2 @ Endo

@®Ex-3
C D
Moderate-impact NPC-—1 I
enrichment npc-2 I B
nec-3 I .
NPC-4 L B
nec-5 I
NPC-6

Ex-3 [ Geneset

enrichment

High

M top1

I top2

M top3
lower rank

Moderate

Immune B top!

I top2

M top3
lower rank

&
IS

0.2

Number highly expressed genes
Geneset LGD
Number highly expressed genes
Geneset missense

0.0
S S A R ‘\ é obd%o’«c,’q"\\qoo&
AN 0% J
< R ("(" \‘\Aeqé?‘{?eq\ﬁs?é? <
Subtype

@ Springer



B. Yuan et al.: Identification of de novo Mutations in the Chinese ASD Cohort 1475

«Fig. 3 Expression pattern of ASD risk genes among different cell
types. A Clustering of single-cell RNA-seq data from different brain
regions. Cell types are colored differently. B Visualization of enrich-
ment scores of the 55 High-impact genes by UMAP. C Visualization
of enrichment scores of the 165 Moderate-impact genes by UMAP.
D Heatmap showing averaged enrichment scores of ASD risk genes
among the different subtypes (high, red; low, blue). The top three
most enriched cell types for each gene set are shown on the sidebar. E
Histogram showing the proportion of highly expressed genes (genes
expressed in at least 25% of cells in an individual cell type) of the 55
High-impact genes among cell types. F Histogram showing the pro-
portion of highly expressed genes (genes expressed in at least 25%
of cells in an individual cell type) of the 165 Moderate-impact genes
among cell types.

Identification of de novo CNVs in ASD Risk Genes
with the WES Dataset

Although the gold standard for the detection of copy num-
ber variations is chromosomal microarray analysis, various
toolkits have emerged to identify CNVs with whole-exome
sequencing (WES) datasets [36]. However, the current algo-
rithms for CN'V detection are not optimal for the WES data-
set and are incompatible with the GRCh38/hg38 reference
genome.

We applied a germline CNV-calling protocol based on
the GATK cohort mode (version 4.2.0.0) (see Supplemen-
tary Methods) and identified numerous de novo CNVs in
the probands (Fig. 2A-N, Table S3). To exclude false-pos-
itive hits, we set 2 standards for CNV screening. First, the
selection of duplication or deletion signals appearing in >2
continuous exons. Second, CNVs should fulfill the HIGH-
impact criteria, leading to protein truncation, such as the
deletion of START or STOP codons.

To prioritize ASD risk genes, we first examined CNV's
that occurred in the known SFARI genes (Fig. 2A-N).
We found 18 CNVs exhibiting duplication or deletions in
known SFARI genes (Cat S:4 genes, Cat 1:14 genes), such
as duplications of RAII and UBE3A, and deletions of TBR1,
SHANK3, MECP2, and GIGYFI (Fig. 2A-N). We further
validated the CNV results by using quantitative PCR, con-
firming the feasibility and faithfulness of our new methods
(Fig. 20).

Furthermore, among the de novo large CNVs we found,
there were 9 CNVs containing genes in the SFARI Cat 2
gene list (Table S3). There were a total of 26 CNVs contain-
ing critical ASD-risk genes in the SFARI gene list (Cat S, 1,
2), suggesting that genes implicated in these de novo large
CNVs contribute to the pathogenesis of ASD.

Expression of ASD Risk Genes Enriched in the PC,
PRC, and BST Regions of the Developing Human Brain

The etiology of ASD may involve disruption of neural cir-
cuits associated with social behaviors, thus identification of

the expression profile of genes with DNMs in the human
brain would provide critical insights into which brain
regions may be affected by mutations of ASD risk genes
[37]. To acquire the expression pattern of ASD risk genes
at single-cell resolution, we used the recent single-cell
sequencing database in the developing human brain [38,
39]. We grouped a total of 17,434 transcriptomes of human
fetal brains collected from gestational weeks 9 to 26 and
categorized them into sub-cell types according to marker
genes (Figs. 3A and S2A-C).

We first examined the expression pattern of 55 High-
impact genes and 165 Moderate-impact genes in various
cell types and found that both categories of genes were
highly expressed in several subtypes of cells, including
NPC-4, Ex-1, and In-2, as well as Cajal-Retzius (CR) cells
(Fig. 3B-D). We further looked into where NPC-4, Ex-1,
In-2, and handcar cells are localized in the developing
human brain. We found that NPC-4 was generally distrib-
uted in the four major lobes of the brain, suggesting that this
specific sub-group of neural progenitor cells may be associ-
ated with ASD (Figs. 3E, F and S3A, B). However, Ex-1 and
In-2 were specifically enriched in some sub-regions of the
brain including the PRC, PC, and BST regions (Fig. S3C-E).

We next investigated whether the expression of ASD risk
genes is enriched in specific regions of the human brain.
In previous work, single-cell sequencing was applied to 22
brain subregions in the developing human brain (Fig. 4A)
[38]. Surprisingly, we found that the High- and Moderate-
impact genes were significantly enriched in the PRC, PC,
and BST regions (Fig. 4B-E). The PRC includes the primary
motor cortex (M1), and the PC includes the primary soma-
tosensory cortex (S1). The involvement of the PRC and PC
in ASD had been reported previously [40, 41]. Interestingly,
we also found that the FC including the right S1 and M1
regions is specifically decreased in MECP2 transgenic mon-
keys, the non-human primate model for autism, compared to
wild-type monkeys [42-44].

Brain Imaging Analysis

To determine whether these brain regions were affected in
ASD patients from different populations, we acquired imag-
ing data from the Autism Brain Imaging Data Exchange
(ABIDE 1, http://fcon_1000.projects.nitrc.org/indi/abide/)
[45] a publicly available database containing 1112 subjects
[539 ASDs, 573 age-matched healthy controls (HCs)] from
16 international imaging sites who underwent anatomical
and resting-state functional MRI scans. We collected >200
age-matched brain imaging data from ASD or HC groups in
ABIDE-I (Table S4).

To further test whether the PC/PRC and BST have struc-
tural (gray matter) alternations in ASD patients, we first
applied voxel-based morphometry (VBM) analysis of these
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Fig. 5 Differences in structural A

and functional connectivity

VBM beta t P DF
between ASD and healthy
controls in the PC, PRC, and Left BST/right BST -0.25/-1.23  -0.85/-3.61  0.393/0.0003  762/762
BST regions. A VBM. Beta, 1,
P, and degrees of freedom (DF) Left PC /right PC -1.06 /-0.71 -1.55/-1.14 0.121/0.257 762 /762
are obtained from linear mixed .
) . " Left PRC / right PRC 1.05/0.80 1.47 /1.00 0.141/0.317 7621762
models. Beta is the regression
coefficient of the fixed effect. B
DF is the degree of freedom VBM
P DF
of the model (equal to the (control FIQ effect) beta t
sample size minus the number i
of parameters to be estimated). Left BST /right BST -0.35/-1.15 -1.17/-3.32 0.241/0.001 697 / 697
T stands for t-statistics for Left PC/right PC  -0.68/-0.77  -0.98/-121  0.326/0.225 697 / 697
testing the null hypothesis that
the coefficient is equal to zero. Left PRC / right PRC 0.98/0.49 1.33/0.60 0.183/0.551 697 /697
P stands for the P-value for
the #-test. B VBM data with C
control of the FIQ effect. C VBM beta t P DF
VMB data excluding subjects (exclude subjects on medication)
with medications. D Group Left BST/right BST -0.32/-1.19 -1.04/-3.40 0.3/0.0007 7171717
differences between ASD and
healthy controls in seed-based Left PC / right PC -1.17/-0.79 -1.70/-1.24 0.089/0.215 7171717
sting-state functional con-
resting-state functiona’ con Left PRC/right PRC  1.03/0.77 141/094  0.159/0.348  717/717

nectivity (FC). Six brain regions
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including the bilateral BST, PC,
and PRC were selected as seeds.
The FC between these 6 regions
and the whole-brain voxels was
calculated. Only the clusters of
voxels with significant FC dif-
ferences between the two groups
(the two-sample #-test, Pryp
<0.05, cluster size 20 voxels or
180 mm?) are displayed.
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regions in ASD and HC using T1 data. Surprisingly, we
found that the gray matter volume of the BST in the right
hemisphere was significantly smaller in the ASD group than
in the HC group (r=3.61, P=0.003, #- and P-values from
the linear mixed model detailed in the Statistics section of
Materials and Methods), and this effect persisted even after

t value

C E—— ASD>HC
5432101234

controlling for medication status (r=3.32, P=0.001) and
full-scale intelligence quotient (FIQ) (r=3.4, P=0.0007)
(Fig. 5A-C).

We finally investigated the potential FC between the
above regions of interest (ROIs) and the whole-brain vox-
els, by applying seed-based FC analysis using resting-state
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functional MRI scan data from ASD and HCs. Consistently,
we found a significant decrease in connectivity between the
BST/PC/PRC and sensory areas, insula, and frontal lobes in
ASD compared to HC (Fig. 5D). We found a decrease in the
FC of all six ROIs in the occipital lobe, which is commonly
associated with vision. We also found decreased connectiv-
ity between the bilateral PC/PRC to the sensorimotor region
of the parietal lobe. In addition, in the right BST, we found
the widest FC decrease among all ROIs, including connec-
tions to the right insula and temporal lobes (1=-6.05, FWE
corrected P=0.0002), to the bilateral frontal lobe and the
occipital lobe (Table S5-S6 and Fig. 5D).

The BST includes voice-selective areas in normal adults
and plays a role in voice recognition and processing of social
stimuli [46]. In an fMRI study, activation of the BST by
speech stimulation appeared to be compromised in adults
with ASD [47]. In addition, the BST also exhibits ASD-
related functional connectivity alterations [48, 49], gray
matter changes (such as lower surface area and greater age-
related cortical thinning) [50, 51], and white matter volume
reduction [52]. Our study indicated that genetic predisposi-
tions in ASD patients may lead to structural and functional
abnormalities in brain regions associated with the processing
of social information, thus providing novel candidate brain
regions for interventions in ASD.

Discussion

With accumulating genomic studies on autism cohorts
worldwide, the genetic architecture of ASD has emerged
over the last decade. Composed of de novo and rare inherited
mutations, genetic variants play a decisive role in determin-
ing the etiology of ASD. Although the rapid development
of DNA sequencing technology, precise identification of
genetic variants in large-scale genome sequencing over
hundreds and thousands of ASD core trios is still very
challenging.

In this work, we applied the latest GATK package
(v4.2.0.0) and the GRCh38/hg38 dataset, which is compat-
ible with the ongoing update of the Ensembl genome data-
base. We focused on the identification of de novo variants,
including SNVs, INDELs, and CNVs, with a customized
joint calling pipeline. Importantly, we found several critical
CNVs containing ASD-risk genes, such as SHANK3, TBR1,
and MECP?2, indicating that screening CN'Vs with the WES
dataset is very valuable for ASD genetic studies. Interest-
ingly, ~30% (18/55) of genes carried de novo high-impact
variants that were present in the SFARI gene list, suggesting
that there are potentially novel ASD genes in the Chinese
cohorts. With the in-depth analysis of TADA-Denovo and
pLi evaluation, we found that a substantial portion of DNM
discovered in the Chinese ASD cohorts was significant

@ Springer

statistically. Taken together, we suggest that although the
overall genetic architecture of ASD remains similar across
different populations, the frequency of individual genetic
components may vary due to geographic isolation. Thus, to
comprehensively acquire the ASD risk genes, genome-wide
sequencing in large cohorts from different populations is
required.

Further in-depth analysis will require the correlation
between genetic variants with behavioral abnormalities and
cognitive features including IQ. ASD patients are usually
associated with various degrees of repetitive behaviors and
developmental delay. It would be valuable to precisely clas-
sify the genetic variants with behavioral features and devel-
opmental stages. In the current cohorts, all ASD patients
were diagnosed based on DSM-IV but lacked further cogni-
tive examinations. Thus whether de novo variants are asso-
ciated with particular behavioral symptoms remains to be
addressed.

One intriguing hypothesis of the etiology of ASD is that
genes carrying mutations in ASD patients may be expressed
in specific brain regions governing social behavior-related
circuits. Thus precise identification of the expression pat-
tern of ASD risk genes in the human brain, with single-cell
resolution, would be an ideal approach. In this work, we took
advantage of a single-cell sequencing database collected
from various brain regions across gestational weeks 9 to 26
and found that the expression profiles of ASD risk genes in
the developing human brain indeed exhibit specific patterns.
ASD risk genes discovered in the Chinese ASD cohort were
specifically enriched in the primary somatosensory (S1-PC)
and primary motor cortices (M1-PRC), as well as the BST
region.

Although there is evidence suggesting that the S1 and
M1 cortices show defects in functional connectivity in ASD
samples [42-44], it is still difficult to determine whether
these defects are the cause or consequence of deficits in
social behaviors. It is well known that ASD patients often
exhibit abnormal somatosensory functions. Thus our data
suggested that abnormalities in somatosensory functions
may be rooted in central control, rather than peripheral
functions.

The finding that the right BST region is implicated in
ASD pathogenesis is extremely intriguing. That the regions
in the right hemisphere associated with autism are stronger
than those in the left hemisphere has also been reported
in previous work [42—-44]. The connection of the right
hemisphere with autism has also been discussed [53].
The involvement of the BST in social perception has been
found in previous work with human subjects [54]. Thus we
hypothesized that dysregulation of ASD risk genes in the
BST likely causes abnormalities in social perception and
related functions. Since the BST is on the surface of the
human brain, one may be able to design neuromodulation
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methods to activate neural activity in the right BST region
of ASD patients, through transcranial electrical or magnetic
stimulation.

Taken together, this work presents numerous ASD risk
genes from the whole-exome sequencing of 369 Chinese
ASD cases. Besides known ASD candidate genes present
in the SFARI gene database, we further measured the prob-
ability of DNM contributions to ASD through the TADA-
Denovo test and found that quite a few ASD candidate
genes appeared to be statistically significant, suggesting that
whole-exome sequencing on large ASD cohorts are indeed
valuable to elucidate the genetic landscape of ASD in differ-
ent populations. Importantly, the combinational analysis of
single-cell sequencing and brain imaging in this work pre-
sented an analytical framework in which one could address
the potential etiology of ASD from genetic discoveries.
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